Raw ground beef patties inoculated with stationary-phase cells of Escherichia coli 0157:H7, salmonellae, or Campylobacterjejuni were subjected to gamma irradiation (60Co) treatment, with doses ranging from 0 to 2.52 kGy. 
known to initiate a chain of events leading to the impairment of structural or metabolic functions, such as fragmentation of DNA and the eventual death of microbial cells (4, 15) , thus improving the microbiological quality of foods by reducing the number of spoilage and pathogenic microorganisms. Unlike thermal inactivation, irradiation at low doses does not significantly alter the sensory quality of foods (17) . In 1985, the U.S. Food and Drug Administration approved the use of irradiation (1.0 kGy) to control Trichinella spiralis in pork (7) . The use of 3.0 kGy for poultry, largely to eliminate salmonellae, was authorized in 1990 (8) . Current regulations, however, do not permit irradiation treatment to preserve beef.
Due to recent outbreaks of foodborne illness associated with the ingestion of undercooked ground beef containing Escherichia coli 0157:H7, there has been renewed interest in the use of ionizing irradiation to ensure the microbiological safety of foods. Studies have shown that irradiation can be an effective means of controlling human pathogens such as salmonellae (26), Campylobacterjejuni (13) , E. coli 0157:H7 (24), Listeria monocytogenes (11) and, at much higher doses, Clostridium botulinum (2) in poultry. The efficacy of irradiation treatment in eliminating potential pathogens in vacuum-packaged fresh beef cuts (16) and ground beef (27) has also been reported.
Several factors influence the resistance of microorganisms to inactivation by irradiation. Examples include the chemical composition and the physical state of the suspending medium (14) , the temperature during irradiation, water activity (6) , and the physiological state of the cells (19) . Anellis et al. (1) reported that the D10 value of Streptococcus faecium increased from 0.09 to 0.38 kGy when the temperature during irradiation treatment was reduced from 5 to -196°C. Proteinaceous substances can also provide a protective effect against irradiation (5), and the presence of cx,3-unsaturated carbonyl compounds in meat can sensitize bacterial cells to irradiation (18) . Bacterial cells lyophilized in ground beef are reported to be less resistant to irradiation than cells lyophilized in a culture medium (14) .
To date, irradiation inactivation studies with pathogenic bacteria have been largely done with small, laboratory-scale irradiators. Realizing that microbial response to irradiation can be influenced by intrinsic and extrinsic factors, we determined the independent and interacting effects of fat content in raw ground beef and of temperature on rates of inactivation of E. coli 0157:H7, salmonellae, and C. jejuni. To the extent possible, the investigation was done under commercial beef processing and irradiation treatment conditions, in order to obtain information with the greatest potential for practical application to the meat industry. 220 cm from the 60Co irradiation source. The patties were exposed to gamma irradiation at the desired doses of 0.5, 1.0, 1.5, 2.0, 2.5, and 3.0 kGy. Twenty-four unirradiated ground beef patties (three replicates of eight [two low-fat frozen, two low-fat refrigerated, two high-fat frozen, and two high-fat refrigerated]), subjected to the same storage, transport, and handling conditions as the irradiated patties, served as the control (0 irradiation dose). Actual doses applied are listed in Table 1 .
MATERIALS AND METHODS

Determination
Although, laboratory-scale 6'0Co sources may provide more uniform application of treatment, they are not suitable for treating commercial-size lots of ground beef. All irradiation treatments were therefore done at a facility (Vindicator, Inc.) with a commercial-size 6"'Co Gamma Beam 650 irradiator (Nordion International Inc., Kanata, Ontario, Canada). The dosimetry system used and the equipment for measuring the dose absorbed by beef patties were calibrated according to national standards established by the National Institute of Standards and Technology. Determination of the density of the boxes of patties was a part of this standard procedure.
Handling of inoculated beef after irradiation. Immediately after gamma irradiation treatment, individual packages of beef patties were labeled with the dose applied and were returned Five-strain mixture. " Populations of aerobic mesophilic microorganisms in ground beef were determined before inoculation with test pathogens. Populations of pathogens were determined within 10 min after inoculating 3,100 g of ground beef with 40 ml of inoculum. listed in Table 2 . The amount of fat ranged from 8.2 to 13.9% in low-fat beef and from 26.8 to 27.5% in high-fat beef. Although the effectiveness of ionizing doses of gamma irradiation to inactivate pathogenic bacteria could be influenced by the levels of protein and moisture, only the influence of two substantially different levels of fat, in low-and high-fat products, was investigated. Urbain (28), however, suggested that in aqueous environments the lethal effect of irradiation increases because more free radicals are produced. Proteins and carbohydrates tend to have a protective effect as they compete with bacteria for interaction with free radicals produced during hydrolysis of water. Further studies would have to be conducted to determine their influence on the irradiation inactivation of microorganisms.
Populations of aerobic, mesophilic microorganisms in uninoculated ground beef are listed in Table 3 beef generally contained lower populations of aerobic mesophiles than did high-fat ground beef. Regardless of the fat content, however, the ground beef used in this study had lower aerobic, mesophilic counts than ground beef sold in retail stores (10) . Freshly prepared commercial ground beef has been reported to contain aerobic mesophiles between I0451 and 106-48 CFU/g. None of the test pathogens was detected in uninoculated ground beef. ionizing radiation. Stapleton (19) reported that the irradiation resistance of E. coli is highest during the lag phase of growth, decreases during the logarithmic phase, and increases again during the stationary phase of growth. Although bacterial cells in the logarithmic growth phase are generally more sensitive to stress than are stationary-phase cells, there are some exceptions. Lambert and Maxcy (13) reported that the irradiation resistance of C. jejlunii cells was not affected by age. In any case, it was desirable to know the growth phase of cells used to inoculate ground beef. Growth curves for E. coli 0157:H7, salmonellae, and C. jejini are shown in Fig. 1 . After 29 to 31 h, all cultures were in a stationary phase of growth. E. coli 0157:H7 and salmonellae reached the stationary phase within 8 h, whereas 16 to 20 h was required for C. jejuni.
Populations of pathogens in the inocula and in ground beef immediately after inoculation are listed in Table 3 . All inocula contained more than l0 CFU/ml. Slight decreases in populations of viable cells would be expected to occur during holding times between inoculation and irradiation (43 to 45 h) and between irradiation and analysis (24 to 25 h). To minimize any effect of transport or handling conditions, control patties (inoculated but not irradiated) were subjected to the same transport and handling conditions as patties treated with gamma irradiation.
Gamma irradiation inactivation curves. Irradiation inactivation curves were obtained for E. coli 0157:H7 (Fig. 2) , salmonellae, (Fig. 3) , and C. jejiuni (Fig. 4) Fig. 3 and 4 kGy at 0 to 5°C was reported for C. jejuni in ground turkey (13) .
The order of sensitivity of test pathogens to gamma irradiation was C. jejuni > E. coli 0157:H7 > salmonellae. This order was not influenced by the fat level or by the temperature of ground beef during irradiation treatment. These differences in irradiation resistance may be attributed to such factors as cell size and the structural arrangement of the DNA within the cell. According to Diehl (4) , different species or strains of the same species may require different doses to achieve the same degree of inactivation. Furthermore, C. jejuni is particularly sensitive to changes in environmental stress, which may include ionizing irradiation.
On the basis of the highest D10 values for each pathogen (Table 4) , populations which would theoretically be killed in ground beef subjected to gamma irradiation doses of 0.5, 1.0, 1.5, 2.0, and 2.5 kGy were calculated (Table 5) . Depending upon populations of pathogens anticipated to be present in ground beef and the desired probability of completely inactivating these populations, the necessary gamma irradiation dose can be theoretically selected. An applied dose of 2.5 kGy would be sufficient to kill 108 1 E. coli 0157:H7, 103-1 salmonellae, and 10106 C. jejuni. Since such populations are considerably greater than those occasionally found in ground beef, the application of 2.5 kGy would, with a high probability, result in complete inactivation of these pathogens.
